Introduction

29
The northern North Sea is presently an epicontinental sea bordered by Norway to the east 30 and the Shetland Islands to the west (Fig. 1) . To the north, the low-gradient (c. 0.5°) 
41
In this study, we use 2D and 3D seismic-reflection data to describe and interpret the The northern North Sea is a key site for reconstructing the extent and dynamics of the SIS 50 through the Quaternary, which is necessary for constraining ice-sheet models (e.g. Hughes et 
57
A prominent Upper Regional Unconformity (URU), which becomes younger towards the 58 present-day shelf break, ( Fig. 2) was produced by the oldest or most erosive advance of the 59 NCIS (Sejrup et al., 1995) . The NCIS has been suggested to have initiated around 1.1 Ma, 60 based on amino-acid, micropalaeontological and palaeomagnetic analysis of glacial and 61 related sediments in the Troll borehole (Sejrup et al., 1995) . There is also a suggestion, based 62 on the position of the Bruhnes-Matuyama magnetic boundary, that the initiation of the NCIS 63 is somewhat younger, around 0.8 Ma (Stoker et al., 1983; Ottesen et al., 2014) .
64
As a consequence of mid and late Quaternary ice-stream erosion, comparatively little is 65 known about early Quaternary sedimentation on the northern North Sea margin (Lee et al., 66 2010; Ottesen et al., 2014) . The configuration of the south-western margin of the SIS during 67 the early Quaternary, before the initiation of the NCIS, is uncertain. Some authors have 68 advocated a relatively restricted ice sheet over Norway (Sejrup et al., 1995; Mangerud et al., 69 1996), whereas others have proposed an extensive SIS extending intermittently into the around 600 m (Turrell et al., 1999; Masson, 2001) (Fig. 1) . These currents drive water-mass 76 exchange between the North Atlantic and the Norwegian-Greenland Sea via the Faeroe-
77
Shetland Channel (Fig. 1) 
Methods
85
We use a c. 80,000 km² grid of 2D seismic-reflection profiles, supplemented by a cube of 86 3D seismic data (Fig. 1) , to investigate the evolution of the northern North Sea margin (Figs. sediments is preserved close to the present-day shelf break (Fig. 2) . These sediments, which 99 include several preserved palaeo-shelves, are interpreted using the 3D cube of seismic-100 reflection data. Seismic horizons were picked using Petrel software, and visualised, mapped 101 and interpreted using ArcGIS and Fledermaus. 
Results
104
The base-Quaternary in the northern North Sea (Figs. 2, 3a) is defined by correlation with The clinoforms within Units A and B are interpreted to be palaeo-slope surfaces that record suggests that Sognefjorden (Fig. 4b) , which is presently the longest and deepest fjord in 129 Norway, may have been a significant drainage pathway of the early Quaternary SIS. 3f, 4d and e). Amplitude maps generated from interpreted horizons on 3D data reveal that the 157 upper slopes of the clinoform packages contain overlapping, elongate lobes up to 2 km wide 158 and 10 km long (Fig. 5d ).
159
The geometry and dimensions of the elongate lobes ( Fig. 5d ) suggest that they are GDFs (Fig. 5f ).
196
The clinoform packages are interpreted as ice-sheet derived GDFs (Fig. 2) . However, it is (Fig. 5f ) are interpreted as rafted sediment blocks (e.g. Hampton et al., 1996) .
203
Although it is possible that evidence of contourite deposition has been obscured by high rates Sognefjorden to the palaeo-shelf break (Fig. 3d) . A number of northwest/southeast-210 orientated ridges up to a few hundred metres wide and 5 km long are identified from 3D 211 seismic-reflection data of a preserved palaeo-shelf at the base of Unit D (Fig. 5g) . Elongate Fig. 2b) . Beneath the URU, the elongate ridges display a northwest/southeast 214 orientation (Fig. 5g) , whereas the ridges on and above the URU have a north-215 northwest/south-southeast orientation (Fig. 5h) .
216
The elongate ridges (Figs. 2b, 5g and h) are interpreted as mega-scale glacial lineations The 130 km-wide depression at the base of Unit D (Fig. 3d) is interpreted as a cross-shelf 222 trough that was eroded and occupied by an ice stream (Batchelor and Dowdeswell, 2014).
10
The trough location suggests that an ice stream flowed from the southwest to the palaeo-shelf 224 break over what is presently the shallow inter-trough bank of Måløy Plateau (Fig. 3e) . This is 225 supported by the northwest/southeast-orientated MSGLs on the palaeo-shelf at the base of 226 Unit D (Fig. 5g) and by north/south-orientated elongate ridges, which have been interpreted (Fig. 3e) . The changing orientation of the MSGLs within Unit D (Fig. 5g We use seismic data to infer changes in ice-sheet and ocean-current configuration through 241 the Quaternary (Fig. 6) . Evidence for the expansion of the south-western margin of the SIS (Fig. 6b) .
252
The filling of the northern North Sea Basin occurred gradually during the early Quaternary and is recorded by the shifting position of the palaeo-shelf break (Figs. 3f, 6c and d) . The 
259
The south-western margin of the SIS is assumed to have expanded significantly later in the 
263
suggest that the south-western SIS margin advanced repeatedly to the palaeo-shelf break in 264 the northern North Sea during the early Quaternary (Fig. 6 ). iceberg production during full-glacials (Fig. 3a to d) . A similar pattern of early Quaternary North Sea Basin (Figs. 2a, b and 5b) . In addition to their potential as a palaeo-climatic 321 archive, contourites may have important seal-potential for trapping hydrocarbons and can 322 also provide reservoir rocks; they are therefore significant for petroleum exploration. (Fig. 3f) , probably occurring in response to filling of available accommodation.
331
The early Quaternary northern North Sea Basin infill contains glacial and contour-current 
337
Early Quaternary sedimentation increased the width and reduced the water depth of the 338 continental shelf (Fig. 3) , facilitating the initiation of a major ice stream. The ice stream 1996, 1998).
346
The southwest-flowing NSBW current was directed into the concave, partially filled 347 northern North Sea Basin during the early Quaternary, and was deflected progressively 
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